Adipose tissue has been ignored by anatomists and physicians for centuries, considered to be an energy storage depot with few interesting attributes. The well-documented rise in obesity during the past 30 years 1 has contributed to the negative image of adipose tissue, particularly in the popular mind. The past two decades, however, have seen a wave of intense scientific interest in this cell type, fuelled in part by concerns about obesity and its attendant metabolic sequelae 2 , and also by the recognition that adipocytes integrate a wide array of homeostatic processes. In addition to regulating fat mass and nutrient homeostasis (discussed below), adipocytes are involved in the immune response, blood pressure control, haemostasis, bone mass, and thyroid and reproductive function 3 . These processes are coordinated mainly through the synthesis and release of peptide hormones by adipocytes.
. Most mammals have stereotypical adipose depots located throughout the body. Some of these depots are thought to be largely structural, providing mechanical support but contributing relatively little to energy homeostasis. Examples include the fat pads of the heels, fingers and toes, and the periorbital fat supporting the eyes. Other adipocytes exist in loose association with the skin, and have been termed subcutaneous fat. These cells are the cause of 'cellulite' , and are the target of cosmetic procedures such as liposuction. Finally, there are several distinct depots within the body cavity, surrounding the heart and other organs, associated with the intestinal mesentery, and in the retroperitoneum. Some of these depots, known as visceral fat, drain directly into the portal circulation and have been linked to many of the morbidities associated with obesity, including type 2 diabetes and cardiovascular disease. Adipocytes have been studied with increasing intensity as a result of the emergence of obesity as a serious public health problem and the realization that adipose tissue serves as an integrator of various physiological pathways. In particular, their role in calorie storage makes adipocytes well suited to the regulation of energy balance. Adipose tissue also serves as a crucial integrator of glucose homeostasis. Knowledge of adipocyte biology is therefore crucial for understanding the pathophysiological basis of obesity and metabolic diseases such as type 2 diabetes. Furthermore, the rational manipulation of adipose physiology is a promising avenue for therapy of these conditions. Adipocytes and precursor cells from different depots have different replicative potential, different developmental attributes and different responses to hormonal signals, although the mechanistic basis for these distinctions is still unclear 5 . In addition to depot-specific differences, a further distinction must be made between brown and white adipocytes. Brown adipocytes are found only in mammals, and differ from the more typical white adipocytes in that they express uncoupling protein-1 (UCP-1), which dissipates the proton gradient across the inner mitochondrial membrane that is produced by the action of the electron transport chain. This generates heat at the expense of ATP. Morphologically, brown adipocytes are multilocular and contain less overall lipid than their white counterparts, and are particularly rich in mitochondria. Rodents have a distinct brown fat pad, which lies in the interscapular region. In humans, brown adipose tissue surrounds the heart and great vessels in infancy but tends to disappear over time until only scattered cells can be found within white fat pads.
This review briefly examines the transcriptional basis of adipocyte development, and then discusses energy homeostasis in mammals and how adipocytes regulate components of that system. The second part of the review provides a similar look at the role of adipose tissue in glucose homeostasis. Adipocytes have a crucial role in regulating both of these physiological processes through a series of endocrine and non-endocrine mechanisms. These involve a widening array of adipose-derived secreted molecules (known as adipokines), neural connections and changes in whole-body physiology wrought by primary alterations in adipocyte cellular metabolism.
Transcriptional regulation of adipocyte differentiation
Adipocytes have been a popular model for the study of cell differentiation since the development of the murine adipose 3T3 cell culture system by Green and colleagues 6 . There have been several thorough reviews on this aspect of adipose biology recently 7, 8 , so we present only the core of this regulatory system. The central engine of adipose differentiation is peroxisome proliferator-activated receptor-γ (PPAR-γ) [9] [10] [11] . When this receptor is activated by an agonist ligand in fibroblastic cells, a full programme of differentiation is stimulated, including morphological changes, lipid accumulation and the expression of almost all genes characteristic of fat cells. Multiple CCAAT/enhancer-binding proteins (C/EBPs) also have a critical role in adipogenesis, with C/EBP-β and C/EBP-δ driving PPAR-γ expression in the early stages of differentiation and C/EBPα maintaining PPAR-γ expression later on in the process 7 . C/EBPs and PPAR-γ also directly activate many of the genes of terminally differentiated adipocytes. More recently, other factors have been implicated in the differentiation process, including several Krüppel-like factors [12] [13] [14] , early growth response 2 (Krox20) 15 and early B-cell factors 16 . This transcriptional cascade seems to function in both white and brown adipogenesis. However, ectopic expression of PPAR-γ or C/EBP proteins in fibroblasts results in the formation of adipocytes with the characteristics of white fat cells, with little or no expression of UCP-1 even when stimulated with β-adrenergic agents. Relatively little is known about brown fat differentiation, except for the important role of transcriptional cofactors, including pRb (ref. 17) , p107 (ref. 18 ), SRC-1 and TIF2 (ref. 19) , and PPAR-γ-coactivator-1α (PGC-1α) 20 . PGC-1α coactivates PPAR-γ and other transcription factors, is expressed at much higher levels in brown adipocytes than in white adipocytes, and is induced in brown cells upon cold exposure in vivo, or by β-adrenergic stimulation in isolated cells 20, 21 . When introduced into white fat cells in culture or in vivo, PGC-1α 'switches on' many of the key features of brown cells, including mitochondrial biogenesis and UCP-1 activity 20 . Cells ectopically expressing PGC-1α also have an increased fraction of uncoupled respiration, a key characteristic of brown fat. Although PGC-1α is clearly a key effector of the thermogenic programme of brown fat, cells lacking PGC-1α still show a morphology that is brown-fat-like, and still express certain molecular markers of brown fat 22 . Thus, it seems likely that other factors function upstream of PGC-1α to control the determination of brown fat cells.
Principles of energy balance
Energy balance in animals is governed by the First Law of Thermo dynamics, and is often expressed as a simple equation:
Energy intake = energy burned + energy stored (1) Lipid storage in adipose tissue thus represents excess energy consumption relative to energy expenditure (Fig. 1) . Although fundamentally true, this simple representation overlooks a few key features of energy homeostasis in vivo. First, although food intake is relatively easy to measure, it is not the precise parameter that determines the amount of energy brought into the system. The efficiency of calorie absorption in the gut, which is much more difficult to measure and is usually ignored in practice, must also be accounted for. A second consideration is that the body's response to alterations in energy input or expenditure is not static. In general, energy homeostasis is regulated to defend the highest weight achieved 23 . Thus voluntary reductions in food intake are countered by involuntary reductions in energy expenditure, making weight loss more difficult than a simple interpretation of equation (1) would indicate. Overall, energy balance is responsive to various factors, including hormones and neural inputs, in addition to psychological and cultural factors 24 .
Adipocytes and energy balance
Adipose tissue contains most of the energy stores in normal healthy humans. An important but underappreciated fact is that having more fat cells does not make an animal fatter. In the absence of altered energy balance, an increase in adipogenesis will result in smaller fat cells with no change in total adiposity. Conversely, a reduction in adipocyte number without a change in energy balance would result in larger fat cells, but not less total adipose mass. For example, surgical removal of fat can have cosmetic effects but does not change the energy balance equation. Careful studies in animals have shown that total body fat usually recovers after surgical removal of fat pads 25 . If certain depots are removed entirely, the fat usually increases at other anatomical locations, though careful clinical studies have not yet been reported in humans. The fact that adipocyte differentiation does not in itself cause obesity does not mean that adipocytes have no role in energy balance. In fact, adipose tissues are critical integrators of organismal energy balance, through the regulation of both food intake and energy expenditure. These effects are mediated by both endocrine and nonendocrine means.
Leptin
Leptin was the first adipokine discovered to have a role in modulating adiposity, and it remains the best studied [26] [27] [28] [29] . Leptin is secreted almost exclusively by fat, and serves as a major 'adipostat' by repressing food intake and promoting energy expenditure. Predictably, animals and humans with mutations in either leptin or the leptin receptor are obese. The leptin receptor is expressed at low levels in numerous tissues, but is found at high levels in the mediobasal hypothalamus, particularly the arcuate nucleus, the ventromedial nucleus and the dorsomedial nucleus [30] [31] [32] (Fig. 2) . Leptin receptor activation at these sites leads to repression of orexigenic pathways (for example, those involving neuropeptide Y, NPY, and agouti-related peptide, AgRP) and induction of anorexigenic pathways (such as those involving pro-opiomelanocortin, POMC, and cocaine and amphetamine-regulated transcript, CART). Leptin-dependent effects on food intake and energy expenditure ultimately diverge in the central nervous system (CNS), partly at the level of melanocortin MC4 receptor signalling 33 . Recently, increased attention has been paid to leptin action in non-hypothalamic sites such as the caudal brainstem 34 .
Neural pathways
Fat pads are richly innervated by sympathetic fibres, and activation of these fibres is associated with enhanced lipolysis 35, 36 . These nerves also regulate fat pad cellularity -denervation of specific depots results in a twofold elevation in adipocyte number in hamsters and rats 35 . Recent studies have also suggested that neural afferent signals from adipose tissue to the brain might also regulate adiposity. Direct introduction of low levels of UCP-1 into white adipose tissue causes a marked increase in leptin sensitivity in mice, with a concomitant reduction in food intake, and enhanced energy expenditure and weight loss 37 ( Fig. 2 ). This effect is abrogated entirely when the manipulated fat pad is denervated. The actual parameter being monitored by the adipocyte is unclear, but might include reactive oxygen species (ROS), ATP levels or even local heat production.
Alterations in adipocyte metabolism
Another way in which adipocytes can modulate whole-body energy balance is through alterations in their own metabolism. This is perhaps best understood for brown fat. Brown adipocytes are highly specialized to perform uncoupled respiration, which dissipates chemical energy in the form of heat. In classical mitochondrial dynamics, fuel oxidation is linked to electron transport, resulting in the development of an electrochemical gradient across the inner mitochondrial membrane. This gradient, which is formed by the extrusion of protons across the inner mitochondrial membrane by three protein complexes in the electron transport system, is normally dissipated at complex V, which couples proton inflow to ATP synthesis. Brown fat, however, expresses UCP-1, which allows protons to flow back across the inner mitochondrial membrane without concomitant ATP synthesis, resulting in heat generation. In rodents, brown adipose tissue makes a substantial contribution to whole-body energy metabolism. Mice lacking brown adipose tissue exhibit reduced energy expenditure and are prone to diet-induced obesity 38, 39 . Interestingly, mice lacking UCP-1 are cold-sensitive but not obese 40 . Taken together, these genetic models suggest that brown adipose tissue might influence whole-body energy metabolism in ways not fully explained by the expression of UCP-1. It is clear, however, that overexpression of UCP-1 in white adipose tissue results in reduced adiposity. As mentioned earlier, at least part of this effect is neurally mediated 37 . Enhancement of fatty acid oxidation in white adipocytes (without uncoupling) has also been proposed to reduce adiposity. Early examples of genetically altered mice with enhanced adipocyte fatty-acid oxidation and concomitant leanness were identified in global knockouts, making it difficult to pinpoint altered metabolism in adipose tissue as the primary cause of the leanness 41 . In one example, ablation of the transcriptional co-repressor receptor-interacting protein 140 (RIP140) results in lean mice with enhanced fatty-acid oxidation and oxygen consumption associated with increased UCP-1 expression in white adipocytes 42 . Another recent study showed that adipose-specific targeting of the pseudokinase TRB3 results in enhanced lipolysis and fatty-acid oxidation, with subsequent protection from diet-induced obesity 43 . This effect is caused by the TRB3-mediated ubiquitination and degradation of acetyl-coenzyme-A carboxylase (ACC), which catalyses the rate-limiting step in lipogenesis. Enhanced lipolysis alone is insufficient to promote weight loss; the liberated fatty acids must be oxidized. Furthermore, oxidation alone is also insufficient unless the ATP generated is consumed. Thus, the observed weight loss in the Trb3 transgenic mice leads us to infer that there is undetected uncoupling in the mitochondria or that an ATP-consuming process has been activated.
Principles of glucose homeostasis
Despite intermittent ingestion of dietary carbohydrates, serum glucose levels remain relatively steady throughout the day. This requires the concerted actions of several different tissues 44, 45 (Fig. 3) . Pancreatic β-cells, for example, secrete insulin in response to the elevations in glucose that occur after eating. Insulin promotes glucose disposal in adipose tissue and muscle, and also prevents the liver from producing more glucose by suppressing glycogenolysis and gluconeogenesis. In the fasting state, low insulin levels combined with elevated counter-regulatory hormones such as glucagon, adrenaline and corticosteroids promote hepatic glucose production. Recently, evidence has emerged that the brain coordinates many of these effects as well, through direct and indirect glucose sensing and neural outputs to peripheral organs 44 .
Adipocytes as regulators of glucose homeostasis
At first, the idea that adipose tissue could have a considerable effect on global glycaemic control was not easy to accept. Early studies determined that adipose tissue accounts for only a fraction of glucose disposal after a meal (about 10-15%), with most of the rest taken up by muscle 46 . Nonetheless, it was equally clear that alterations in adiposity have profound implications for glucose homeostasis; too much fat (obesity) and too little fat (lipodystrophy) are both associated with insulin resistance and hyperglycaemia. In addition, PPAR-γ ligands such as thiazolidinedione (TZD) drugs have excellent anti-diabetic activity despite the fact that most PPAR-γ is found in adipose tissue and not muscle. We now understand that the profound effect of adipocytes on glucose balance is mediated by several different mechanisms, which can be loosely categorized (as before with energy balance) as endocrine (Fig. 4) and non-endocrine.
Leptin
As described above, leptin is a multifunctional protein secreted primarily by adipocytes. In addition to its well-described role in energy balance, leptin has notable effects on glucose homeostasis, as it reverses hyperglycaemia in ob/ob mice before body weight is corrected 29 . Similarly, pair feeding ob/ob mice to match control animals does not restore glucose tolerance as well as exogenous leptin does 47 . Leptin also improves glucose homeostasis in lipodystrophic mice, and in humans with lipodystrophy or congenital leptin deficiency [48] [49] [50] . Results in humans with 'typical' obesity have been disappointing in this regard 51 . However, this is consistent with the high levels of leptin and apparent leptin resistance seen in these patients.
The anti-hyperglycaemic actions of leptin are mediated through several different organs. First, leptin improves insulin sensitivity in muscles. Leptin also reduces intra-myocellular lipid levels through a combination of direct activation of AMP-activated protein kinase (AMPK) and indirect actions mediated through central neural pathways 52 . The effect on lipid partitioning might help to explain the improved insulin sensitivity, according to the current idea that intracellular lipids contribute to insulin resistance. Leptin also improves insulin sensitivity in the liver, an effect seen with either peripheral or intracerebroventricular administration 53 . As in muscles, leptin functions in part to reduce hepatic intracellular triacylglycerol levels. There has also been discussion of an 'adipo-insular axis' , with insulin promoting leptin secretion and leptin inhibiting insulin release 54 . Consistent with this idea, ablation of leptin receptors from β-cells results in enhanced basal insulin secretion and fasting hypoglycaemia 55 . The effect of leptin on insulin levels is due to inhibition of proinsulin synthesis as well as reduction of secretion 54 .
Adiponectin
The hormone adiponectin was identified by several different groups and given various names (for example, apM1, GBP28, AdipoQ and ACRP30) 56 . This 30-kDa protein has an amino-terminal collagen-like domain and a carboxy-terminal globular domain that mediates multimerization. Circulating adiponectin can exist as a trimer, hexamer or a higher-order multimer with 12-18 subunits 57, 58 ; there is some controversy about which is the active form of the hormone. Two types of receptor have been proposed. One comprises two similar transmembrane proteins with homology to G-protein-coupled receptors, known as adipoR1 and adipoR2 (ref. 59); a second molecule (T-cadherin) without a transmembrane domain has been proposed to act as a co-receptor for the high-molecular-weight form of adiponectin on endothelial and smooth muscle cells 60 . Interestingly, adiponectin circulates at extraordinarily high concentrations (5-10 μg ml -1 ), accounting for 0.01% of all plasma protein 61 . Unlike almost all other adipokines, however, adiponectin levels are inversely correlated with body mass 62, 63 , for reasons that remain obscure.
Delivery of adiponectin to obese, diabetic mice stimulates AMP kinase activity in the liver and skeletal muscle, with profound effects on fatty acid oxidation and insulin sensitivity. Loss-of-function models of adiponectin have been more variable, with different groups reporting reduced insulin sensitivity on both chow and high-fat diets, high-fat diet only, or no effect on insulin action at all [64] [65] [66] . The reason for these differences is unknown.
Two groups have shown that part of the anti-diabetic action of TZDs requires adiponectin 67, 68 ; TZDs significantly raise plasma adiponectin levels through effects on synthesis and secretion 69 . Adiponectin has no effect on insulin secretion in islets from healthy mice or humans, but does enhance glucose-stimulated insulin secretion in islets from mice with diet-induced obesity 70 .
Visfatin
The connection between visceral adiposity and insulin resistance has led several groups to try to identify secreted products derived specifically from this depot. The first such protein reported was visfatin, which had been identified in immune cells years earlier as pre-B-cell colonyenhancing factor (PBEF) 71 . There were several surprising aspects surrounding this discovery, including the fact that visfatin does not promote insulin resistance -on the contrary, it has a salutary effect on glucose uptake mediated by direct binding and activation of the insulin receptor. Visfatin circulates at concentrations well below those of insulin (<10%), however, and fasting and feeding do not regulate its expression, making it doubtful that visfatin alone is an important factor in insulin-receptor signalling. Other aspects of visfatin biology require further study. For example, serum levels of visfatin are variably correlated with type 2 diabetes and other insulin-resistant states 72 . Visfatin also has no signal sequence and has been shown to have enzymatic activity as a nicotinamide phosphoribosyltransferase with residence in the nucleus and cytosol 73 . It is not clear whether there is regulated secretion of visfatin or whether serum levels reflect leakage from dead or damaged cells.
Omentin
Omentin is another peptide secreted predominantly by visceral fat. Like visfatin, it has positive effects on glucose uptake, although omentin works as an insulin sensitizer and does not have insulin-mimetic properties 74 . Unlike visfatin, omentin seems to be made by stromal-vascular cells within the fat pad rather than adipocytes. Interestingly, omentin is produced in considerable quantities by adipose tissue in humans and macaques but not mice 74 . Omentin's mechanism of action, inclu ding target tissues, a receptor or relevant signal transduction pathways, remains obscure.
Tumour necrosis factor-α and other cytokines
Tumour necrosis factor-α (TNF-α) was the first secreted adipose protein to be shown to have effects on glucose homeostasis 75 . TNF-α levels are elevated in obesity and in other insulin-resistant states (such as sepsis), addition of TNF-α to cells and mice reduces insulin action, and blockade of TNF-α action by biochemical or genetic means restores insulin sensitivity in vivo and in vitro. Interestingly, TNF-α seems to be derived from cell types other than adipocytes themselves. Macrophages in particular have been implicated in TNF-α production from murine fat pads 76 . Other cytokines, including interleukin-6, are produced by adipocytes, and there is conflicting evidence suggesting that they have both insulin-resistance-promoting and insulin-sensitizing effects 77, 78 . Such 'adipocytokines' can promote insulin resistance through several mechanisms. These include c-Jun N-terminal kinase 1 (JNK1)-mediated serine phosphorylation of insulin receptor substrate-1 (IRS-1) 79 , IκB kinase (IKK)-mediated nuclear factor-κB (NF-κB) activation 80 , induction of suppressor of cytokine signalling 3 (SOCS3) 81 and production of ROS 82 .
Resistin
Resistin is another small inflammatory molecule with hyperglycaemic action. Resistin (also known as FIZZ3) is one of a family of cysteinerich resistin-like molecules (RELMs) 83 . Resistin was discovered as a secreted product of mouse adipocytes that was repressed by TZDs 84 . Levels of resistin are elevated in many murine models of obesity, and gain-and loss-of-function studies in rodents support a role for resistin in increasing hepatic glucose output 85, 86 . Resistin might also be involved in reducing glucose uptake by muscles and fat, but this is not as robust an effect as that seen in the liver. As with adiponectin, there are several multimeric forms of resistin circulating in plasma, and action at the cellular level seems to depend on species with lower molecular weight 87 . There is considerable controversy surrounding the role of resistin in humans, in whom even the cellular source of resistin has been debated. The bulk of the data suggest that human resistin is the product of macrophages or other stromal cells within the fat pad 88, 89 .
Retinol-binding protein 4
Specific ablation of glucose transporter 4 (Glut4) in mouse adipose tissue was shown to significantly reduce whole-body insulin sensitivity, whereas transgenic overexpression of Glut4 had the opposite effect. Because the magnitude of the effect was greater than that predicted by altered glucose flux into adipose tissue alone, an endocrine effect was postulated 90 . Transcriptional profiling of samples from these mice led to the discovery that a secreted member of the lipocalin superfamily, retinol-binding protein 4 (RBP4), was coordinately regulated by the changes in adipocyte GLUT4 levels. Subsequent studies showed that overexpression of RBP4 impairs hepatic and muscle insulin action, and Rbp4 -/-mice show enhanced insulin sensitivity 90 . Fenretinide, a drug that enhances RBP4 clearance, also increases insulin sensitivity in mice fed a high-fat diet. Furthermore, high serum RBP4 levels are associated with insulin resistance in obese humans and those with type 2 diabetes as well as in lean, nondiabetic people with a family history of diabetes 91 . Much remains to be learned about how RBP4 impairs insulin action, and at present it is not clear whether the process involves the retinoid ligand or some other mechanism.
Non-esterified fatty acids
Although the concept of adipokines is relatively new, non-esterified fatty acids (NEFAs) have long been known to be an adipocyte-derived secreted product. NEFAs are primarily released during fasting as a nutrient source for the rest of the body, and have several actions on glucose homeostasis (Fig. 5) . Circulating NEFAs reduce adipocyte and muscle glucose uptake, and also promote hepatic glucose output 92, 93 . The net effect of these actions is to promote lipid burning as a fuel source in most tissues, while sparing carbohydrate for neurons (and red blood cells), which depend on glucose as an energy source. Several mechanisms have been proposed to account for the effects of NEFAs on muscle, liver and adipose tissue, including protein kinase C (PKC) activation 94, 95 , oxidative stress 96 , ceramide formation 97 and activation of the innate immune system 98, 99 . These pathways are not mutually exclusive, and probably function interdependently.
Because lipolysis in adipocytes is repressed by insulin, insulin resistance from any cause can lead to NEFA elevation, which, in turn, induces additional insulin resistance as part of a vicious cycle. β-cells are also affected by NEFAs, depending in part on the duration of exposure; acutely, NEFAs induce insulin secretion (as after a meal), whereas chronic exposure to NEFAs causes a decrease in insulin secretion 100 . This effect is mediated by several mechanisms, including lipotoxicityinduced apoptosis of islet cells 101 . In β-cells that escape apoptosis, NEFAs decrease glucose sensing by inducing expression of uncoupling protein-2 (UCP-2), which decreases mitochondrial membrane potential, ATP synthesis and insulin secretion 101 .
Lipid sink
Another way, albeit indirect, in which adipose tissue can affect global glucose homeostasis is by serving as a lipid sink. This idea has emerged from the observation that animals and humans with lipodystrophy (in which adipose tissue fails to develop properly) have ectopic lipid deposition in the liver, muscles, β-cells and other organs, which can lead to insulin resistance and decreased insulin secretion 102 . The ability to store large amounts of esterified lipid in a manner that is not toxic to the cell or the organism as a whole might be one of the most critical functions of the adipocyte. However, the ability of exogenous leptin 49, 50 , alone or in combination with adiponectin 103 , to improve whole-body glucose homeostasis in lipodystrophy suggests that the endocrine function of adipose tissue is also crucial to the regulation of glucose homeostasis.
Inflammation and adipose tissue in obesity
There is now overwhelming evidence that obesity and type 2 diabetes are inflammatory states, consistent with the production of TNF-α and other cytokines by adipose tissue, as described above. In obese animals and humans, bone-marrow-derived macrophages are recruited to the fat pad under the influence of proteins secreted by adipocytes, including macrophage chemoattractant protein-1 (MCP-1) 76, 104 . Targeted ablation of either MCP-1 or its receptor reduces macrophage infiltration of fat depots and improves insulin sensitivity despite causing no change in body weight 105 , and overexpression of MCP-1 has the opposite effect 106, 107 . These data, combined with studies (mentioned above) that indicate a role for pro-inflammatory cytokines in insulin resistance, strongly suggest that intra-adipose macrophages are dominant contributors to the insulin resistance that is associated with obesity. Thiazolidinediones, which are PPAR-γ agonists used clinically as insulin sensitizers, reduce MCP-1 levels and macrophage infiltration into adipose tissue 108 .
Alterations in adipocyte metabolism
Genetic manipulations of adipocyte metabolism can have consequences for global glucose homeostasis. Many of these manipulations affect fat mass, which accounts for the observed changes in insulin sensitivity. But the results of some experiments cannot be explained by an effect on adiposity. For example, transgenic overexpression of Glut4 in adipocytes improves insulin sensitivity (despite a slight increase in body weight) 109 , whereas adipose-specific Glut4-knockout mice are insulin resistant 110 . This effect is at least partly explained by changes in RBP4 (see above), although it is not clear whether RBP4 accounts for the full effect. Similarly, the direct injection of UCP-1 into limited areas of white adipose tissue is sufficient to improve whole-body glucose tolerance, an effect that is not neurally mediated and is not dependent on leptin signalling 37 . An endocrine mechanism is proposed here, but adiponectin levels seem unchanged in these mice, and, so far, a specific effector adipokine has not been discovered.
Future directions
The past decade has seen adipose tissue move from being a minor participant to having a central role in diverse homeostatic processes, with particular emphasis on energy balance and glucose homeostasis. The plethora of ways in which adipose tissue controls body weight and glycaemia has led to the idea that manipulation of adipocyte biology might be a useful therapeutic strategy in metabolic diseases such as obesity and type 2 diabetes. However, despite the clear connection between excess adiposity and a constellation of health problems, including insulin resistance, dyslipidaemia and cardiovascular disease, it is clear that simply reducing fat cell number is not a viable strategy to promote health. Surgical removal of adipose tissue does not improve metabolic parameters in obese animals or humans. Furthermore, subjects with lipodystrophy are affected by insulin resistance, hyperlipidaemia and steatohepatitis (often leading to cirrhosis) associated with ectopic lipid deposition. A much sounder strategy would be to manipulate adipocyte biology in ways that promote health: enhancement of leptin and adiponectin synthesis, and secretion and promotion of intra-adipocyte lipid oxidation are examples of approaches that might be expected to benefit patients. The contribution of brown adipose tissue to the total energy balance of humans is largely unexplored. Although infants have recognizable brown adipose tissue depots in the interscapular and around the great vessels, these disappear as humans mature. Individuals with chronically elevated catecholamine secretion, such as those with phaeochromocytoma, redevelop distinct brown adipose tissue depots 111 , as do individuals chronically exposed to cold temperatures. Reactivation of brown adipose tissue in adult humans (or promotion of a brown adipose tissue-like phenotype in white adipocytes) remains a potentially viable therapeutic strategy in humans.
The pace of discovery indicates that this field is still growing rapidly, and new insights are unfolding with each passing month. It remains to be seen how well we will translate these discoveries to our patients, but hopes for breakthrough therapies for obesity and diabetes are as high as they have ever been. 
